Abstract: Human cytosolic thymidine kinase (hTK1) has proven to be a suitable target for the noninvasive imaging of cancer cell proliferation using radiolabeled thymidine analogues such as F-18]3'-fluoro-3'-deoxythymidine (F-18]FLT). A thymidine analogue for single photon emission computed tomography (SPECT), which incorporates the readily available and inexpensive nuclide technetium-99m, would be of considerable practical interest. hTK1 is known to accommodate modification of the structure of the natural substrate thymidine at the positions N3 and C3' and, to a lesser extent, C5. In this work, we used the copper-catalyzed azide-alkyne cycloaddition to synthesize two series of derivatives in which thymidine is functionalized at either the C3' or N3 position with chelating systems suitable for the M(CO)(3) core (M = Tc-99m, Re). The click chemistry approach enabled complexes with different structures and overall charges to he synthesized from a common precursor. Using this strategy, the first organometallic hTK1 substrates in which thymidine is modified at the C3' position were identified. Phosphorylation of the organometallic derivatives was measured relative to thymidine. We have shown that the influence of the overall charge of the derivatives is dependent on the position of functionalization. In the case of the C3'-functionalized derivatives, neutral and anionic substrates were most readily phosphorylated (20-28% of the value for the parent ligand thymidine), whereas for the N3-functionalized derivatives, cationic and neutral complexes were apparently better substrates for the enzyme (14-18%) than anionic derivatives (9%). 
Introduction
Human thymidine kinase 1 (hTK1 1 ) is a cytosolic enzyme which catalyzes the -phosphate transfer from ATP to the 5′-hydroxyl groups of thymidine (dT) and 2′-deoxyuridine (dUrd). Other hTK1
substrates include 3′-azido-3′-deoxythymdine, AZT and 3′-fluoro-3′-deoxythymidine, FLT, where thymidine has been modified at the C3′-position, and the phosphorylation of which is the first step in their activation as anti-HIV prodrugs. (1, 2) It is well documented, however, that hTK1 is among the most selective of the nucleoside kinases, and is particularly sensitive to changes in the structure of the natural substrates dT and dUrd. characteristics for diagnostic applications (T 1/2 = 6 h, 140 keV γ-radiation), moreover it is readily available at low cost from a 99 Mo/ 99m Tc generator system.
Given the promising reports of the retained substrate activity of N3-functionalized carborane thymidine derivatives, (5, 6, 9 ) the N3 position is appealing for functionalization with a technetium complex. We recently reported the synthesis and in vitro evaluation of two series of technetiumlabelled thymidine derivatives in which the nucleoside was functionalized at the N3 position, and could qualitatively show that all of the compounds retained activity towards hTK1. (13, 14) It has also been reported, that minor structural modifications at the C3′ position do not dramatically lower affinity towards hTK1. group report a small series of compounds in which thymidine has been functionalized at the 3′ position with a carborane. (15) Unfortunately the low stability of these compounds prevented their thorough characterization with respect to their activity towards hTK1.
The aim of the current investigation was the synthesis of technetium-labelled thymidine analogues, which have the potential to be used in radiopharmacy as proliferation markers. We chose to investigate the substrate activity of C3′-functionalized thymidine analogues, and to compare these with N3-functionalized derivatives, particularly with regard to their overall charge. We used the "click-to-chelate" approach (14, 16) for the parallel synthesis of two series of derivatives which could be labelled with technetium and rhenium ( Figure 1 ). This strategy exploits the remarkable features of the copper catalyzed azide-alkyne cycloaddition (17, 18) and enables simultaneous formation of the chelating system and conjugation to a biologically relevant molecule in a single, high-yielding step.
In the present study a series of bidentate alkynes ( Figure 1 , 2-6) were reacted with either the commercial C3′-azido thymidine derivative AZT (C3′dT-N 3 ) or an N3 azido-thymidine derivative 
Results and discussion

Chemistry
Thymidine can be readily functionalized at the C3′ position using the "click-to-chelate" approach starting from the commercially available azide 3′-azido-3′-deoxythymidine, AZT. Tridentate chelators for the M(CO) 3 core were incorporated by reaction of AZT with a suitable alkyne (Scheme 1). Suitable alkynes ( Figure 1 ) were prepared by alkylation of propargylamine with bromoacetate (5), alkylation of commercial amines with propargyl bromide (3 and 6), or are commercially available (2 and 4). Full details of the synthesis of the alkyne components used were recently reported. (14) The copper catalyzed azide-alkyne cycloaddition was performed using standard Sharpless conditions: one equivalent of alkyne and one equivalent of azide were stirred at room temperature for 12 hours in a mixture of tBuOH and water with catalytic amounts of copper acetate (0.1 equivalents) and sodium ascorbate (0.2 equivalents). (19) For ease of purification of the products, alkynes 2-5 were substituted with compounds 2a-5a, in which carboxylic acids were protected as methyl esters and primary amines were Boc-protected. However, in previous studies we have shown that for radiolabelling purposes it is not necessary to use protected substrates, or indeed to purify the ligands prior to radiolabelling. (14, 
16)
Thymidine derivatives 7 and 8 were prepared from the reactions of AZT with alkynes 2a and 3a, respectively. In both cases the Boc-protected triazole products were purified by silica gel chromatography using mixtures of CH 2 Cl 2 and MeOH before the Boc protecting groups were removed in a mixture of trifluoroacetic acid (10%) and CH 2 Cl 2 . Compounds 7 and 8 were purified by solid phase extraction using Sep-Pak® columns. Thymidine derivatives 9 and 10 were prepared from the reactions of AZT with alkynes 4a and 5a, respectively. The intermediates were purified by silica gel chromatography before the methyl esters were removed with aqueous NaOH. Compounds 9 and 10 were purified by solid phase extraction using Sep-Pak® columns. The N3-functionalized thymidine derivatives 12, 13, 15 and 16 have been reported previously, however, they were only characterized via mass spectrometry. (14) For their synthesis, thymidine was functionalized at the N3 position with an azido-ethyl group following the recently reported procedure. (14, 20) In analogous procedures to the synthesis of the C3′-functionalized derivatives described above, tridentate chelators for the M(CO) 3 core (M =   99m Tc, Re) were installed at the N3 position by reacting the N3-functionalized azido-thymidine derivative 1 or the O-TBDMS protected precursor 1a with alkynes 2-6 using standard conditions for the click reaction and as outlined in Scheme 2. Thymidine derivatives 12 and 13 were prepared from the reactions of the O-TBDMS protected N3-functionalized thymidine precursor, 1a, and alkynes 2a and 3a, respectively. The protected triazole intermediates were purified by silica gel chromatography using mixtures of CH 2 Cl 2 and MeOH. In both cases the Boc and TBDMS protecting groups of the products were removed in a single step with HCl in MeOH. Compounds 12 and 13 were purified by solid phase extraction, although compound 12 could also be recrystallized from MeOH. Similarly, derivative 14 was prepared from the reaction of 1a with alkyne 4a. The protected intermediate was stirred in HCl/MeOH to remove the TBDMS protecting groups, followed by aqueous NaOH to remove the methyl esters. Thymidine derivative 15 was prepared from the reaction of 1 and alkyne 5a. The intermediate was purified by silica gel chromatography before the methyl ester was removed with aqueous NaOH. In this case, removal of the TBDMS protecting groups from the azido-thymidine derivative 1a with NBu 4 F proved more efficient before the click reaction, as 1 could more easily be separated from excess NBu 4 + salts than the more hydrophilic triazole product 15. Both compounds 14 and 15 were purified by solid phase extraction using Sep-Pak® columns. analyses provided evidence that in each case the metal core is site-specifically coordinated to the tridentate metal chelating system introduced at either the C3′ or N3 position, and showed similar features to model complexes which were synthesized with benzyl azide and characterized previously. (14) Typically, the proton NMR spectra showed low field shifts of the protons in the chelating system after metal chelation. Independent resonances are observed for each proton in the CH 2 groups of the chelating system; they become distinguishable due to a lack of symmetry in the metal chelate. As was the case with the model complexes, signals for the protons of coordinated primary and secondary amines were also observed in the NMR spectra of the thymidine complexes as Radioactive technetium-99m complexes were prepared with the ligands 7, 8, 10, 11, 12, 13, 15 and
16.
The complexes were prepared quantitatively by adding the organometallic precursor Tc complexes were separated from unreacted thymidine derivatives by HPLC.
In vitro evaluation of the organometallic thymidine derivatives
Substrate activity toward human thymidine kinase. (14) In the current investigation, the hTK1 substrate activities of all target rhenium complexes were assessed using a coupled thymidine kinase-pyruvate kinase-lactate dehydrogenase UV assay (λ = 340 nm) as previously described. (6, 26) We were able to show that all of the C3′-functionalized and N3-functionalized rhenium complexes were substrates for hTK1 (Scheme 3). The results with both series of compounds are presented in Table 1 . The phosphorylation of thymidine was arbitrarily set to 100%. . This is perhaps surprising given that the structure of hTK1 co-crystallized with the feedback inhibitor thymidine triphosphate (dTTP) shows the proximity and suspected interaction of the C3′ substituent (in the case of dTTP, a hydroxyl group) with a glycine residue and an aspartic acid residue. (7) There is, however, an arginine residue in the same region of the active site. Interaction between the C3′ substituent and the cationic side chain of arginine may compensate for the loss of interaction with the C3′ hydroxyl group of thymidine, and thus be an explanation for the greater substrate efficiency of the anionic complex compared to the cationic complexes. However, at the moment this remains purely speculative and only cocrystallization of the complex with the enzyme would provide further insight into the observed trend. The phosphroylation of thymidine was arbitrarily set to 100%.
In the second series of compounds, thymidine was functionalized at the N3 position. As for the C3′-functionalized complexes the overall charges of the derivatives vary, but in all cases there is an ethyl spacer between thymidine and the metal complex. The phosphorylation data show that in general the C3′-functionalized compounds are better substrates for hTK1 than the N3-functionalized compounds.
The phosphorylation is relatively low compared to thymidine for all of the complexes (9-18%), suggests that in addition to overall charge, structural differences in the metal chelate also affect the substrate affinity for hTK1. It is not possible, therefore, to rule out structural differences in addition to overall charge as the reason for the lower substrate affinity of the complex [Re(CO) 3 14]NEt 4 , which in contrast to the anionic C3′-functionalized compound, had the lowest phosphorylation rate in the series (9.0 ± 0.4%).
In a second, direct assay the radioactive and non-radioactive complexes [ Cell internalization experiments. hTK1 is located in the cytosol, and therefore a potential substrate has to pass through the cell membrane before it can be phosphorylated. If this transport is not achieved actively via nucleoside transporters then it must occur by passive diffusion. (28) This has been suggested as the major cell internalization route for the carborane-thymidine derivatives reported by Tjarks et al. (27) Similarly, AZT is not recognized by the ubiquitously expressed human equilibrative nucleoside transporter type 1 (hENT1) and is transported primarily by passive diffusion. (29) By analogy to the N3-functionalized carborane derivatives and AZT, we suspected passive diffusion would be the most likely cell internalization route of our C3′/N3-functionalized complexes.
In a preliminary study of the cell internalizing ability of the organometallic thymidine derivatives, we investigated the internalization of one 99m Tc(CO) 3 -labelled complex from each series of compounds.
We expected the neutral complexes to be the most likely to be internalized based on our previous experience. (13) We therefore chose to investigate the neutral complex [ 
32-34)
The results for both cell lines, U251 and LN229, and with and without 5-fluorodeoxyuridine pretreatment are presented in Table 2 . 
Conclusions
Starting from two azido-functionalized thymidine derivatives, we were able to investigate the influence of the position of the metal complex on the substrate affinity, as well as the influence of charge on the relative phosporylation of two series of novel M(CO) 3 -labelled thymidine derivatives.
The "click-to-chelate" approach was used to synthesize thymidine derivatives functionalized with a tridentate chelator for the M(CO) 3 core (M =   99m Tc, Re) at either the C3′ or N3 position of thymidine.
All of the conjugates could be readily labelled with the M(CO) 3 precursors to form well-defined organometallic complexes, with differing structures and overall charges. Incubation of the Re(CO) 3 derivatives with ATP in the presence of hTK1 led to the formation of monophosphorylated organometallic thymidine derivatives, which were observed by HPLC and unambiguously identified by mass spectroscopy. In this way, we were able to show that all of the compounds tested, which vary in the position of the metal chelate and overall charge, were substrates for hTK1. For each of the complexes the rate of phosphorylation was measured quantitatively relative to thymidine, the natural substrate for hTK1. We could show that for the two sets of compounds investigated the C3′-functionalized thymidine derivatives were on average more readily phosphorylated by hTK1 than the N3-functionalized derivatives. Furthermore, we have shown that the effect of the overall charge of the substrate is dependent on the position of the metal complex. For the C3′-functionalized complexes, the rates of phosphorylation followed the trend neutral ≈ anionic > cationic. In the case of the N3-functionalized derivatives the trend neutral ≈ cationic > anionic was observed for the relative phosphorylation rates of the complexes. Tc and metal-based radiopharmaceuticals which target receptors which themselves facilitate internalization show much more promise for the future.
Experimental details Chemistry
All chemicals were purchased from Sigma-Aldrich or Fluka, Buchs, Switzerland. All chemicals and solvents were of reagent grade and were used without further purification unless otherwise stated. Tc-generator (Covidien, Petten) with a 0.9% saline solution.
Reactions were monitored by HPLC or by thin-layer chromatography (TLC) using precoated silica gel 60 F 254 aluminium sheets (Merck), and visualized by UV absorption or stained with a solution of ninhydrin in EtOH. Column chromatography was performed using silica gel 60 (Fluka; particle size 0.04-0.063 mm). Analytical HPLC was performed using a Merck-Hitachi L-7000 system equipped with an L-7400 tunable absorption detector and an XBridge™ C-18 reverse phase column (5 µM, 4.6 x 150 mm, Waters). HPLC solvents were either water with 0.1% TFA (solvent A) and MeCN 
3',5'-Di-O-(tert-butyl-dimethyl-silanyl)thymidine.
577.2123).
3-(2-Azidoethyl)-3',5'-di-O-(tert-butyl-dimethyl-silanyl)thymidine, 1a. 3-(2-Bromoethyl)-3′,5′-di-
O-(tert-butyl-dimethyl-silanyl)thymidine (1.03 g, 1.78 mmol) was dissolved in MeCN (20 mL) and 10 equivalents of NaN 3 (1.16 g 17.8 mmol) were added. The reaction mixture was stirred at 80 °C for 16 hours and followed by TLC. After cooling to room temperature the solvent was removed under reduced pressure and the product extracted into EtOAc. and washed twice with water and once with saturated NaCl. The aqueous phases were re-extracted with EtOAc. The organic phases were combined, dried over Na 2 SO 4 and evaporated under reduced the pressure to give the pure product as a colorless liquid (750 mg, 80% 
312.1302).
Alkynes, 2-6. mmol) was dissolved in a mixture of H 2 O (2 mL) and 1 M NaOH (0.5 mL) and stirred for 2 h at rt. 
X-ray crystallography
Crystallographic data were collected at 183(2) K on an Oxford Diffraction Xcalibur system with a 
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